Introduction
Many accidents caused by lithium-ion batteries make the safety of lithium-ion batteries widely concerned by the society.
The researchers have proposed average stress strain constitutive equation, clay-like mechanical model and phenomenal mechanical model, revealing the mechanical behavior of the battery from the constitutive properties of mechanics [1] [2] [3] [4] .
SOC can affect the mechanical behavior of hard shell batteries, but there is little effect on that of pouch batteries lies in that the pouch batteries can adapt to the change of volume during charge and discharge process [5] [6] [7] .
The integrity of the battery can be destroyed under mechanical abuse. Based on the relationship between heat production and heat dissipation, Wang et al. [8, 9] proposed the basis for controlling the fire of lithium-ion battery.
In order to reduce the harm caused by the thermal runaway, the researchers developed a series of warning methods. Ouyang et al. [10] , Sazhin et al. [11] and Zhang et al. [12] proposed some methods for predicting short-circuit failure. The temperature-strain sensor was designed by Nascimento et al. [13, 14] using FBG fiber, FP fiber and thermocouple.
Based on the discrete Fourier transform of the experimental data, the equivalent mechanical model of spring-damping parallel unit connects a damping unit in series is deduced, the experiments of flat plate tests, rigid rod tests and hemispherical punch tests are simulated and analyzed. The results show that the simulation can predict the actual mechanical behavior of the battery well. According to the first-order derivative of the displacement to force of equivalent mechanical model, a failure prediction model for soft short-circuit is proposed and a failure warning system is designed.
In the future, with the further research, the failure prediction model can be integrated into the BMS to provide more adequate safety parameters for battery safety.
Material and Methods
The battery sample is SONY VTC4 2100mAh cylindrical lithium-ion battery, the universal tensile testing machine has the maximum force of 250kN, the data recorder is HOKI MR8880 with 4 channels and the infrared thermal camera is FLUKE Ti 400.
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Ichimura [15] has reported that the lower penetration speed can produce more adverse results. Based on this, experiments are carried out under quasi-static condition with the speed of 0.5mm/min. Figure 1 is the experimental settings for flat plate tests, rigid rod tests and hemispherical punch tests. The diameters of the rigid rod punch and hemispherical punch are 24mm and 14mm, respectively. 
Mathematical model 3.1 Equivalent mechanical model
The discrete Fourier transform on the experimental data of flat plate test, rigid rod test and hemispherical punch test is performed, shown in Eq. (1)-(4). It is found that the magnitude-phase angle features under mechanical abuse have the characteristics of spring damping parallel unit, shown in Figure 2 . So, the equivalent mechanical model of cylindrical lithium-ion battery under mechanical abuse has the equivalent physical characteristics of spring damping parallel unit.
Figure 2
Magnitude-Phase angle characteristics of the battery under mechanical abuse conditions in frequency domain. Figure 3 is the equivalent mechanical model of cylindrical lithium-ion battery under mechanical abuse, spring-damping parallel unit connects a damping unit in series. Eq. (5) is the expression of the equivalent mechanical model, and the parameters are shown in Table 1 . Figure 4 is the results of the comparison between the experimental and the equivalent mechanical models under flat plate tests, the average relative error of the equivalent mechanical model is less than 4%.
Figure 3
Equivalent mechanical model. [1] studied the average stress-strain model of the cylindrical lithium-ion batteries. The constitutive model of the battery based on equivalent mechanical model is shown in Eq. (6) . The stress-strain curve is shown in Figure 5 , the larger the SOC, the higher the lithium-ions insert into the negative electrode, so that the battery hardness increases, and the stress of the battery becomes higher under the same strain. Relative error of soft short-circuit failure displacement between df/dx and experiment 9.21% 5.47% 0.57% 0.74% 9.91%
Figure 5
Real stress-strain of the jellyroll. Combined with the Crushable-Foam material model, the TSC is set to 10MPa, and the experiments under the rigid rod tests and hemispherical punch tests are simulated, the simulation results are shown in Figure 6 . The failure displacement predicted by simulation is close to the actual failure displacement, and the average prediction error under different working conditions and different SOC is less than 4%.
Failure prediction model
Eq. (7) is the first order derivative of force to displacement for equivalent mechanical model, thus, the growth of the force can be obtained as shown in Figure  7 (a). The growth of force has decreased at the certain displacement which we call it mechanical soft short-circuit.
The soft short-circuit displacements of experiment and equivalent mechanical model under different abuse conditions and SOC are shown in Table 2 , the maximum prediction error of equivalent mechanical model for mechanical soft short circuit failure is less than 10%. 
Soft short-circuit failure warning system
Based on the failure prediction model, we designed and manufactured the failure warning system as shown in Figure 7(b) . The putter which connected with the universal tensile testing machine can drive the sensor to detect the penetration displacement, when the displacement reaches the prediction failure displacement defined by Eq. (7) , the warning signal can be output by DSP controller.
The experimental results are shown in Figure 8 , STAGE I is the linear growth zone, STAGE II is the soft short-circuit zone and the failure warning is judged in this area, STAGE III is the thermal runaway zone, in this area the battery will suffer from a sudden drop in voltage and a sharp rise in temperature. The blue curve is force, the blue dotted curve is df/dx, the green curve is temperature, the green dotted curve is voltage and the red line is warning signal.
A slight decrease in voltage occurred when the displacement reached the warning displacement, after that a small increase in temperature was detected. The error between actual soft short-circuit displacement and the prediction soft short-circuit failure displacement do not exceed 3.5%. Therefore, we can see that the failure prediction calibrated by the mechanical penetration of the battery is helpful to warn the safety of the battery under the mechanical abuse, and has a certain safety margin.
Figure 8
Experimental results of the failure warning system.
Conclusion
In this paper, the equivalent mechanical model of cylindrical lithium-ion battery is proposed according to the magnitude-phase angle features of the battery under mechanical abuse. Based on the mechanical characteristics of the battery, a soft short-circuit failure prediction model is proposed and a failure warning system is designed. The failure prediction model has safety margin for the battery safety warning.
For high-capacity batteries, in the case of mechanical abuse, because the energy can't be released instantaneously, the failure warning has a certain lag from the view of voltage and temperature. So, it can be considered from a mechanical point of view to explore the failure characteristics of the battery. The failure warning system proposed in this paper only carries out from the mechanical point of view, and in the future, with the further research, the mechanical failure warning method can be fused with voltage, temperature and other failure signals, so that the failure warning of the battery can be more accurate and reliable. 
